We conducted research to evaluate whether ergot alkaloids associated with endophyteinfected tall fescue could alter plasma concentrations of hormones important to reproductive function in cows. Six primiparous, estrous-cycling Holstein cows nursing calves received single i.v. injections of ergotamine tartrate, ergonovine maleate, or saline vehicle in a simple cross-over design. Each cow received one compound per estrous cycle, d 15 or 16 after estrus, and all compounds over three estrous cycles. Blood samples were collected at 20-min intervals for 40 min before and 240 min after treatments to assess plasma concentrations of prolactin, LH, FSH, and the response by PGF 2a metabolite 13,14-dihydro-15-ketoprostaglandin F 2a (PGFM). Ambient temperature and respiratory rates were measured hourly. Ambient temperature averaged 26°C during data collection. Treatment × time was a significant source of variation for respiration rate and plasma concentrations of every hormone evaluated except FSH. Ergotamine elevated ( P < .01) respiration rates 2 to 4 h after treatment. Ergotamine and ergonovine reduced ( P < .001) plasma concentrations of prolactin for 2 to 4 h after treatment compared to concentrations before treatment. Plasma concentrations of LH were lowered ( P < .01) by ergonovine during the 3rd h after treatment and by ergotamine during the 4th h after treatment. Most cows exhibited secretory PGFM responses after ergotamine and ergonovine treatments compared with an absence of a PGFM response in all cows after saline ( P ≤ .01). Results indicated that ergot alkaloids implicated as causative agents for fescue toxicosis can alter plasma concentrations of reproductive hormones during the late luteal phase of the estrous cycle in cows.
Introduction
Tall fescue ( Festuca arundinacea) infected with the fungal endophyte Neotyphodium coenophialum (formerly Acremonium coenophialum; Glenn et al., 1996) is a cool-season grass widely used as pasture or hay for cow-calf operations in the southeastern United States. However, consumption of endophyte-infected tall fescue lowers reproduction rates in cow herds by unknown mechanisms (Porter and Thompson, 1992; Paterson et al., 1995) . Numerous alkaloids are implicated as toxic agents produced by N. coenophialum, including those of the ergopeptine and lysergic acid amide classes (Porter, 1995) . Ergotamine (an ergopeptide) and ergonovine ( a lysergic acid amide) are ergot alkaloids associated with endophyte-infected tall fescue (Powell and Petroski, 1992; Porter, 1994) . These alkaloids elicited signs of fescue toxicosis (e.g., lowered plasma prolactin concentrations and increased respiration rate) and reduced plasma LH concentrations in steers . Reproductive function in cows is governed in part by LH, FSH, and PGF 2a . Reduced concentrations of the luteotropic agent LH could be detrimental to reproductive performance of cows. Ergotamine and ergonovine stimulate uterine contractility (Rall and Schleifer, 1980) . This suggests that they might induce release of the luteolytic agent PGF 2a from the uterus. This study was conducted to evaluate the effects of ergotamine and ergonovine on plasma concentrations of LH, FSH, and the response to ergot alkaloids by a metabolite of PGF 2a in cows during the late luteal phase of the estrous cycle. Prolactin concentrations and respiration rates were recorded as positive controls.
Materials and Methods
Animal Management. Six primiparous Holstein cows (499 kg; SD = 29) nursing their calves were kept in drylot on the Tennessee State University farm with shade provided. Orchardgrass hay (8.9% CP and 47.4% TDN as-fed), water, and mineral supplement were available for ad libitum consumption. Tall fescue was not available for consumption and cows had been removed from fescue-mixed pastures for 2 mo before the experiment. Cows were fed 3.9 kg·cow −1 ·d −1 of a supplement that consisted of cracked corn and solventextracted soybean meal in a 5:1 ratio (14.8% CP and 79.3% TDN as-fed). Detection of estrus was performed twice daily aided by an androgenized cow wearing a chin-ball marker. Weekly plasma progesterone concentrations verified dates of estrus.
Data
Collection. An indwelling catheter (Tygon ® microbore tubing, 1.02 mm i.d., 1.78 mm o.d.) was positioned in the jugular vein of each cow the morning before blood sampling. Blood (10 mL) was collected into heparinized tubes at 20-min intervals from 1300 to 1745. The blood removed was replaced with equal amounts of saline to maintain constant blood volume in circulation. Catheters were filled with heparinized (50 IU/mL) .9% sterile saline to maintain patency. At 1345 (after the third sample), cows received a single i.v. injection of ergotamine tartrate (9.5 mg in saline; ET; Sigma Chemical, St. Louis, MO), ergonovine maleate (9.5 mg in saline; EM; Sigma Chemical), or untreated .9% sterile saline (vehicle-treated control; SAL) . The average dosage of ergot alkaloids was 19 mg/kg body weight (SD = 1.7). Dosing level was calculated using data concerning levels of feed intake by cattle, ergovaline concentrations in endophyteinfected tall fescue, and pharmacological aspects of ergotamine as previously discussed .
The experiment was of a simple cross-over design. Each cow received all three treatments, one treatment per estrous cycle and all treatments over three consecutive estrous cycles. Cows were treated and serially bled on d 15 or 16 of the estrous cycle ( d 0 = estrus). This time of the estrous cycle was selected because it immediately precedes the period of maternal recognition in cows (Bazer, 1992; Garverick and Smith, 1993) . The dates of treatment occurred during three calendar periods: August 13 to 22 (mid-August), September 2 to 13 (early September), and September 25 to October 6 (late September). This arrangement of dates resulted from feeding melengestrol acetate ( MGA) from June 24 to July 8 to synchronize estrus. All cows had an estrus response to MGA withdrawal and subsequently exhibited an estrous cycle of normal duration before the experiment started. Treatments were balanced between periods. Blood was immediately centrifuged and the resulting plasma was harvested and stored at −20°C until processing by RIA for determination of prolactin, LH, FSH, and 13,14-dihydro-15-keto-PGF 2a ( PGFM) , a PGF 2a metabolite. Circulating concentrations of PGFM are considered a reliable indicator of uterine PGF 2a secretion (Guilbault et al., 1984) . Ambient temperature during the 5-h data collection period was measured hourly at the cattle handling facility with an outdoor mercury thermometer. Respiration rates were measured hourly by counting the number of breaths taken in 15-s intervals.
Hormone Determination. Plasma concentrations of prolactin and LH were determined with RIA procedures used by Mizinga et al. (1992) . For prolactin, the intraassay and interassay CV were 6.2 and 4.6%, respectively. The intraassay CV was 5.6% for the single LH assay. Plasma concentrations of FSH were determined with the RIA procedures of Bolt and Rollins (1983) . For the single FSH assay, the intraassay CV was 3%. Plasma PGFM concentrations were determined using the RIA procedures of Homanics and Silvia (1988) as modified by Silvia and Taylor (1989) . The intraassay CV was 10% for the single PGFM assay.
Statistical Analyses. Sources of variation for the traits measured were tested by analysis of variance using the GLM procedures of SAS (Ott, 1988; SAS, 1989) . Terms in the statistical models for respiration rate, prolactin, FSH, and LH concentrations included cow, treatment, time, and treatment × time with ambient temperature or Julian day included as covariates. Time represented hour of sampling with three 20-min samples averaged to determine mean hourly plasma concentrations of blood constituents. Least squares means were separated by Fisher's protected LSD procedure using the PDIFF option of SAS (Ott, 1988; SAS, 1989) .
Chi-square analyses were used to compare the frequency of cow responding to treatments in terms of PGFM elevations (Ott, 1988) . Relative responses of PGFM to ergot alkaloid treatments were compared because actual PGFM concentrations varied considerably from cow to cow. An elevation of PGFM after treatment was defined as being higher than all pretreatment PGFM values. The PGFM response to treatments within each cow was determined by subtracting the average value of the three samples before treatment from the value of each sample taken after treatment. Cows were not oxytocin-challenged so that we could characterize subtle changes in PGFM concentrations. Terms in the analysis of variance model for PGFM response included cow, treatment, time, and treatment × time. The term "treatment" was used to test peak PGFM response after treatment and the time to achieve peak response. Time to peak PGFM response was 0 min for cows not exhibiting PGFM responses to treatment.
Influences of hour of sampling and calendar period of sampling on ambient temperature and the effect of calendar period on pretreatment prolactin concentra- Figure 1 . Hourly respiration rates (mean ± SE) for cows before and after i.v. treatment with saline vehicle (SAL), ergonovine maleate (EM), or ergotamine tartrate (ET) during late diestrus. Treatment × time affected (P = .06) respiration rates. Hour −1 represents the mean before treatments. *Mean differs from Hour −1 mean (P < .01).
tions were tested using analysis of variance models to better characterize the environmental conditions under which this experiment was conducted.
Results and Discussion
Mean temperatures did not differ ( P > .8) during each of the 5 h of data collection (26.8, 26.4, 25.9, 25 .9, and 25.2 ± 1.2°C, respectively for successive hours of sampling); Julian day was not a significant factor of adjustment. Mean temperatures did differ ( P < .01) between each of the calendar periods of data collection (31.6, 21.8, and 24.8 ± .5°C for mid-August, early September, and late September, respectively).
A treatment × time interaction was evident ( P = .06) for respiration rate (Figure 1) , and temperature was an important covariate ( P < .001). Respiration rates were not significantly altered after SAL or EM treatment. Respiration rates were elevated ( P < .01) 2 to 4 h after ET treatment. In previous studies, EM caused a more rapid, but briefer, increase in respiration rate than ET (Browning and Leite-Browning, 1997; . Conditions in the current experiment were not as extreme as in the previous experiments in that the dosage of alkaloid per unit of body weight and the ambient temperature were lower. These milder experimental conditions may account for the lack of a significant respiratory response to EM. Others have observed that cattle consuming endophyte-infected tall fescue or associated alkaloids exhibited increased respiration rates during periods when high ambient temperature persisted, whereas increased respiration rates did not occur at thermoneutral conditions (Hemken et al., 1981; Osborn et al., 1992) . Ambient temperature in this study was intermediate between extreme (32°C ) and thermoneutral (20°C). Reduced dissipation of body heat resulting from altered mechanisms of thermal regulation may help to explain the ET-induced increase in respiration rate (Finch, 1986; Browning and LeiteBrowning, 1997) .
Calendar period affected ( P < .001) plasma concentrations of prolactin before treatment. Prolactin concentrations differed ( P < .01) between each period (11.2, 7.5, and 1.5 ± .8 ng/mL for mid-August, early September, and late September, respectively). Significant changes of bovine prolactin concentrations coinciding with changes in photoperiod have been reported previously (Thompson et al., 1987) . A moderate treatment × time interaction was detected ( P = .13) for plasma prolactin concentrations (Figure 2) , with Julian day being a significant covariate ( P < .001). Prolactin concentrations were lower ( P = .01) during the 1st h after SAL treatment compared to concentrations before treatment for unclear reasons. In nearly all of the 18 series of samples across treatments, prolactin concentrations were in decline during the sampling period before treatment. Prolactin concentrations 2 to 4 h after SAL did not differ from pretreatment concentrations. Plasma prolactin concentrations decreased dramatically ( P < .001) after ET treatment and remained suppressed throughout the 4 h after treatment. The decline did not persist for as long in cows administered EM, in which prolactin concentrations were lower ( P < .001) for the first 2 h after treatment compared to concentrations before treatment. Plasma prolactin concentrations during the last 2 h after EM treatment were similar to pretreatment concentrations. Changes in prolactin concentrations indicated that doses used in the current study were appropriate to induce physiological effects. Reduced plasma prolactin concentrations are a consistently noted indicator of fescue toxicosis in cattle (Porter and Thompson, 1992; Paterson et al., 1995; Samford-Grigsby et al., 1997) . Similar to observations in steers , ET had a sustained suppressive effect on prolactin concentrations, whereas the reduction of plasma prolactin concentrations by EM was shorter in duration. Fluckiger and del Pozo (1978) commented on the relatively short duration of inhibited prolactin secretion by ergonovine. In addition to being used as an indicator of ergot alkaloid activity, reduced plasma prolactin concentrations may have detrimental effects on various biological processes in cows, particularly in terms of decreased lactation (Akers et al., 1981) . A treatment × time interaction was detected ( P = .02) for plasma LH concentrations (Figure 3 ), but it did not influence ( P = .81) FSH concentrations (data not shown). Julian day was an important ( P < .001) covariate for LH. Plasma LH concentrations were unaffected by SAL treatment. Mean LH concentrations were lower ( P < .01) during the 3rd h after EM treatment and during the 4th h after ET treatment compared to pretreatment concentrations. Mean basal plasma concentrations of LH before treatment were already low, as expected for cows under the influence of endogenous progesterone during the luteal phase of the estrous cycle (Kinder et al., 1996) . However, the ergot alkaloids still reduced circulating LH concentrations. Despite the recognized effect of fescue toxicosis on cattle reproductive rates, effects of endophyteinfected tall fescue on measurements of bovine LH have received limited attention. Ergot alkaloids, ET in particular, have the ability to lower pulsatile LH release and mean plasma LH concentrations in steers . There have been indications that circulating LH concentrations may be lowered in cattle by consumption of endophyte-infected fescue (Alamer and Erickson, 1990; McKenzie and Erickson, 1991) . The preliminary report of Christopher et al. (1990) suggested that consumption of endophyteinfected tall fescue by heifers adversely affected LHproducing anterior pituitary cell populations.
A larger ( P ≤ .01) proportion of cows exhibited secretory PGFM responses after ET (83%) and EM (67%) than after SAL (0%). Treatment × time influenced ( P = .02) the PGFM responses (Figure 4) . Administration of SAL did not elicit a change in PGFM concentrations. Cows treated with EM and ET exhibited ( P < .05) positive PGFM responses after treatment. The PGFM response was greater ( P < .001) for ET than for EM during the 3rd and 4th h after treatment; the response to EM was short-lived. Treatment affected ( P < .03) peak PGFM responses and affected ( P < .01) time to peak PGFM response. Peak PGFM responses were higher ( P < .05) after ET and EM treatments than after SAL treatment (17.8, 13.5, vs 0 ± 4.4 pg/mL, respectively). Time to peak PGFM response was 0, 67, and 133 ± 24 min after SAL, EM, and ET treatments, respectively; SAL and ET differed ( P < .01). Ergot alkaloids, including ergotamine and ergonovine, have long been known to possess oxytocic activity by stimulating uterine smooth muscle (Saameli, 1978; Rall and Schleifer, 1980; Kao, 1989) . Other uterine stimulants such as oxytocin or physical manipulation induce uterine PGF 2a release in cows, as indicated by elevated plasma PGFM concentrations (Silvia and Taylor, 1989; Wann and Randel, 1990 ). This research provides evidence that ergot alkaloids associated with endophyte-infected tall fescue may induce uterine secretion of PGF 2a in cows. Although the oxytocic properties of ergot alkaloids are well documented, information regarding the relationship between ergot alkaloids and prostaglandin synthesis or secretion is limited. The only evidence found in the current literature of an association between ergot alkaloids and prostaglandin production was in canine blood vessels (Muller-Schweinitzer and Weidmann, 1978) . Catecholamines and a-adrenergic agonists stimulated smooth muscle activity and increased PGF 2a production in human uterine tissue in vitro (Quaas and Zahradnik, 1985) . Ability of ergot alkaloids to stimulate uterine PGF 2a release may involve interactions with a-adrenergic receptors and possibly serotonergic receptors (Berde and Sturmer, 1978; MullerSchweinitzer and Weidmann, 1978; Rall and Schleifer, 1980) . Reductions in pregnancy rates in cows on endophyte-infected tall fescue (Porter and Thompson, 1992) could be due, at least in part, to altered LH and(or) PGF 2a secretion. Luteal secretion of progesterone is necessary to the maintenance of pregnancy in cattle, and LH is a key regulator of corpus luteum development and function (Garverick et al., 1992; Wiltbank, 1994) . Preliminary reports indicated that corpus luteum morphology and steroidogenic activity may be adversely affected in estrous-cycling heifers grazing endophyte-infected tall fescue (Ahmed et al., 1990; Estienne et al., 1990) . Chronic suppression of LH at various stages of luteal development has been shown to adversely influence luteal function in heifers, especially during early stages of the estrous cycle (Snook et al., 1969; Peters et al., 1994) . Reduced LH concentrations as a result of ergot alkaloids associated with endophyte-infected tall fescue may contribute to poor reproductive performance in cows by altering luteal function. Release of PGF 2a from the uterus during the late luteal phase of the bovine estrous cycle brings about luteolysis and return to estrus, unless an embryo present in the uterus blocks PGF 2a release to preserve corpus luteum function and maintain pregnancy in cows (Bazer, 1992; Silvia et al., 1991; Garverick and Smith, 1993) . There is the possibility that increased PGF 2a concentrations resulting from ergot alkaloid activity may also lower reproductive rates in cows consuming endophyte-infected tall fescue by interfering with luteal function and pregnancy maintenance. This study was not designed to evaluate luteal function; our intent was to measure immediate responses of putative luteal modulators to acute ergot alkaloid exposure. Studies involving chronic exposure to these alkaloids would likely be more appropriate in assessing luteal function.
Although responses were the consequence of acute toxicity, altered respiration rates and prolactin concentrations were similar to observations described of cattle chronically exposed to ergot alkaloids through consumption of endophytic fescue. Shifts in plasma LH and PGFM concentrations in cows emphasize the potential of endophyte-infected tall fescue to alter concentrations of hormones key to normal reproductive function. Experiments under various conditions should be conducted to expand our understanding of how bovine endocrine function is disturbed by ergot alkaloids linked to N. coenophialum. Possible additive and synergistic effects of the various alkaloids associated with endophyte-infected tall fescue should not be overlooked.
Implications
Acute exposure to ergot alkaloids altered plasma concentrations of luteinizing hormone and prostaglandin F 2a metabolite in cows. It should be recognized that cows grazing endophytic fescue experience chronic exposure to numerous alkaloids. Nevertheless, these results showed that ergot alkaloids associated with N. coenophialum can affect concentrations of hormones that regulate bovine reproductive function. Reproductive efficiency of the cow herd is of utmost economic importance to cattle producers. Reduced plasma luteinizing hormone and increased prostaglandin F 2a concentrations during the late luteal phase of the estrous cycle as induced by ergot alkaloids suggest that modified endocrine function may be one reason consumption of endophyte-infected tall fescue hinders bovine reproduction.
